Event-related potentials (ERPs)̶in particular, the P300 component̶have come under increasing scrutiny as a means of clarifying brain functions, as they are considered to reflect higher brain activity. Although much research has been devoted to the P300 signal, its source within the human brain remains unclear. Electroencephalogram (EEG) is often used in ERP studies because it directly reflects neurological responses to external stimulus. However, owing to the low spatial resolution of EEG, many surface or intracranial electrodes are required to estimate the signal source. We have attempted to develop a new signal source estimation method using only one signal electrode, which utilizes the switching voltage divider technology for simultaneous measurement of the potential and location of the signal source ; i. e., whether the signal source is far from or near the signal electrode. This signal source estimation method may improve the low spatial resolution of EEG. Using our proposed method, we measured the ERPs of subjects participating in an oddball paradigm using auditory stimuli. The results suggest that the P300 component of an ERP is generated in a region deep within the brain.
Introduction
In many of the studies that have been carried out to clarify functions of the human brain, tomographic or 3-D visualization of brain activity has proven to be an extremely useful tool. Such visualization methods can be classified as either indirect or direct. Indirect methods involve the visualization of cerebral blood flow changes resulting from neural activities within the brain, examples of which include positron emission tomography (PET)z1-3|, single photon emission computed tomography (SPECT) z4, 5|, functional magnetic resonance imaging (fMRI) z5-7|, and near infrared spectroscopy (NIRS)z8, 9|. These methods have relatively high spatial resolution but are inferior in temporal resolution ; i.e., the data are delayed relative to the causative real-time brain activity. Recently, indirect methods have been used in conjunction with electroencephalography (EEG)to compensate for this temporal resolution deficit z10-13| . Another problem with indirect methods is the fact that the PET, SPECT, fMRI, and NIRS machines are not only very large and expensive compared to the EEG but also require subjects to be restrained within the equipment.
Direct methods involve the measurement of neuroelectric activities within the brain. Magnetoencephalography (MEG)z14|and EEG, the two main direct methods, have resolution characteristics that are inverse to those of indirect methods ; i.e., they have low spatial and high temporal resolution. MEG requires a large machine similar to that used in fMRI, and again requires subjects to be restrained within the equipment. Furthermore, because MEG measures small magnetic flux densities from 2 × 10 −12 to 3 × 10 −13 T, electric devices such as computers will introduce artifacts and therefore cannot be used inside the MEG measurement room.
The objective of all the above-mentioned visualization methods is to find the activated area ; the signal source, within the brain during neurological information processing. EEG in particular is frequently used for signal source estimation z15, 16|, in part because EEGs are smaller and cheaper than other devices, and also because the EEG signal provides a direct reflection of neurological activities within the brain.
Signal source estimation methods using EEG are classified as either invasive or non-invasive. In the case of invasive EEG measurement, electrodes are inserted into the human brain, which generally allows the signal source to be estimated with high accuracy. However, this method is not practical for research as it requires highly specialized techniques and equipment and is thus difficult to be used in a laboratory. Therefore, invasive EEG is mainly used for clinical diagnosis and treatmentz17|.
In the case of non-invasive EEG measurement, surface electrodes are attached to the scalp of a subjectʼs head. To provide 3D-visualization of brain functioning, the position of the signal source can be estimated from the potential recorded at several electrodes, as in, for instance, dipole imaging z15, 16| . Non-invasive EEG is easier to perform than the other estimation methods described above, and is therefore the most popular tool in laboratory investigation.
Previous research required the use of many surface or intracranial electrodes in order to accurately estimate signal sources. At the same time, subjects were required to remain under restrained conditions during measurement. To overcome these constraints, we have attempted to develop a new signal source estimation method based on switching voltage divider technology, which can measure with a much higher spatial resolution than the current EEG methodsz18, 19|. Our method focuses on the concept that in the human body, the signal potential is attenuated as the distance between the signal electrode and the signal source increases. This idea has previously been used in an attempt to estimate signal source within the human heart z20| . Based on this result, the human body could be regarded as an electrical circuit. By extrapolation, this concept has also been applied to studies of the human brain. The purpose of this paper is to show that the potential and location information of the signal source ; i.e., whether the signal source is far from or near the signal electrode, can be obtained simultaneously from one signal electrode. In order to obtain data of signal source within the human brain, a prototype device was developed using our proposed method and applied to measure event-related potentials (ERPs), as described in detail in Section 2 of this paper.
An ERP is the potential change over time associated with a physical or mental stimulus. ERPs have previously been used to elucidate brain function in research focusing on ERP signal source estimation using EEG. In these studies, an ERP waveform has to be acquired by averaging many potential changes in response to a stimulus, because these changes are very small and hidden within the spontaneous EEG background.
An ERP waveform shows both exogenous and endogenous potentials. The exogenous potentials are believed to represent an obligatory response of the brain to external physical stimulus, while the endogenous potentials are considered to be generated during processing of stimulus information within the brain. The positive peak potential elicited at approximately 300 ms from the start of stimulation ; P300, represents a particularly important endogenous potential, as it is thought to indicate higher brain activities such as cognitionz21|.
Understandably, many studies have been conducted to estimate the signal source of P300. Several regions of the human brain have been suggested to be the origin of the signal, including the hippocampusz17, 22|, the mesial temporal lobe and interior frontal lobez23|, the interior parietal lobe z24|, and the cingulate gyrus and limbic systemsz25|. It has also been suggested that several brain areas may simultaneously contribute to P300. Although the signal source of P300 remains unclear, it is probably located deep within the brain and high repeatability related to brain activity can be observed. Therefore, we measured the P300 in this research.
Measurements of P300 using our prototype device are described in Sections 3 and 4. Figure 1 shows an electrical equivalent model of our proposed method, in which the human brain is regarded as an electrical circuit with one signal source, and the conductivity within the brain is assumed to be uniform for simplicity z26| . Using Theveninʼ s theorem, the brain in this model can be replaced by a signal source potential Vb and an internal resistance Rb that consists of all resistance components within the human brain and changes depending on the location of the signal source. In addition, the contact resistance Rc between the skin and the signal electrode and the internal resistance of the electrical switch Re are also modeled.
Principles of the proposed method
In our proposed method, an external resistance Rg is connected in parallel with the signal and ground electrodes. The model is equivalent to a system in which the potential at the electrode (i.e., the input potential of the voltage follower) is attenuated by a voltage divider consisting of Rb, Rc, Re, and Rg. An electrical switch connected in series with Rg activates the attenuation when turned on and deactivates it when turned off.
In this model, the resistances of the electrodestabilizing conductive paste, the electrode itself, and the lead wire are ignored for simplicity, as these are negligible in comparison with Rb, Rc, Re, and Rg. The input capacitances of the electrical switch and the operational amplifier used as the voltage follower are very small (typically 7.5 and 1 pF, respectively, at room temperature), compared to the capacitance of the human brain, and hence are also ignored for simplicity.
Equation 1 shows the measured potential Vout when the external resistance Rg is not connected (switch OFF), while equation 2 shows the measured potential Vʼout when the Rg is connected (switch ON). In equation 2, Rg and Re are constant, while Rc can be considered constant over short periods of time. Therefore, the value of Vʼout depends Yusuke SAKAUE, et on Rb and is attenuated depending on the location of the signal source, (either far from or near the signal electrode) . The attenuation ratio (AR) in equation 3 is dependent on the location of the signal source ; i.e., AR decreases when the signal source is farther from the signal electrode than when it is nearer the signal electrode, because the internal resistance increases.
Based on this model, we developed a prototype measuring devicez18, 19|. Figure 2 shows the configuration of the prototype device consisting of the voltage divider, electrical switch, and amplifier circuit. The prototype device consists of two external resistances, two electrical switches, two amplifier circuits, a microprocessing board (Adruino mega 2560), and an external memory. A multiplexor (TC4051BP, Toshiba, Japan) is used as the electrical switch. A preamplifier (OPA129 U, Texas Instruments, USA)is used as the voltage follower, and its output is connected to a non-inverting amplifier (TL071CP, STMicroelectronics, USA) connected to the analog/digital (A/D) converter of the microprocessing unit that controls the multiplexor for switching the external resistance. The operational amplifier used as the voltage follower has a very high input resistance of 10 TΩ.
Digital data recorded are stored in the external memory in the form of a micro SD card (2 GB, SanDisk, USA). The switching frequency of the external resistance is 160 Hz and the total gain is 80 dB, while the sampling frequency is 160 Hz and the resolution of the A/D converter is 10 bits. To remove the influence of transient response, a waiting time adjusted for each subject is introduced after the change of connection condition of the external resistance.
Methods

Subjects
Twelve healthy adult males (aged 22.5 ± 1.3 years) participated in the experiment. All subjects had no neurological and psychiatric disorders. All experimentation was conducted in accordance with the ethical principles of the Helsinki Declaration and after obtaining informed consent from each subject. In addition, the experiment was approved by the Ritsumeikan University Ethics Review Committee for Research Involving Human Participants.
Auditory stimulus
An oddball paradigm with auditory stimulus comprising pure tones presented to subjects through a headphone (SQ5, Audio-Technica, Japan) was used to elicit P300 of the ERPs. The standard and target stimuli were 1000 Hz and 2000 Hz, respectively, while the stimulation time was 0.1 s and inter-stimulus interval was 1.0 s of silence. The appearance ratio of standard stimulus to target stimulus was 8 : 2, and the target stimuli were presented 40 times in a random sequence. Each subject was tested with two stimulation sequences, designated Stimulus A and Stimulus B, that differed in the order of standard and target stimuli presented. Figure 3 shows two stimulus sequences. The subjects were asked to push a button as soon as possible upon hearing the target stimulus.
Experimental procedures
The subjects were asked to sit on a chair in an electrically shielded room to eliminate electrical artifacts. They were asked to avoid body movement and keep their eyes open. They were instructed to blink naturally while focusing on a point in front of them, because the amplitude of P300 is reported to diminish if the subject refrains from blinking z27|.
As shown in equation 2, the signal source potential is attenuated by a voltage divider comprising the contact resistance of the signal electrode, internal resistance of the electrical switch, external resistance, and internal resistance in the human brain (the last varies between subjects). An external resistance (including the internal resistance of the electrical switch) that is much larger or smaller than either the contact resistance of the electrode or the internal resistance of the brain would impede the detection of a change in internal resistance of the brain. In other words, the measured potential will be almost equal to that of the signal source if the external resistance is too large, and will approach zero if the external resistance is too small. On the other hand, when the contact resistance of the electrode is larger than the internal resistance of the brain, a change in internal resistance of the brain will be reflected very little or not at all. Therefore, an appropriate external resistance should be identified, which is able to detect a change in internal resistance of the brain, even when the contact resistance of the electrode is included. Therefore, the external resistance used in each subject was determined according to an EEG Advanced Biomedical Engineering. Vol. 3, 2014. The purpose was to change the location of the signal source within the brain while different external resistances were testedz19|. Based on the results, an appropriate external resistance was selected for each subject, as listed in Table 1 .The internal resistance of the electrical switch was 115 Ω, and the signal source potential was attenuated by a combination of the internal resistance of the electrical switch and the external resistance.
Data recording
EEGs were acquired via two signal electrodes placed at the Cz and Pz sites according to the international 10-20 system, with the ground electrode attached onto the right mastoid process. The electrodes were for medical use (AP-C010-15, Futami M.E., Japan) with a contact resistance of 1 kΩ ± 10％, and were attached to the scalp using a conductive paste (Ten 20 EEG Conductive Paste, Weaver and Company, USA). The contact resistances of the electrodes were measured using commercial EEG equipment (Polymate AP 1132, DIGITEX LAB, Japan). Before attaching the three electrodes on the subjectʼs skin, fat and dirt on the skin were removed using alcohol cotton and skin preparation gel (Skin Pure, Nihon Kohden, Japan)to reduce the contact resistance between the skin and electrode. As the conductive paste maintained a stable contact resistance after the electrode contact state became stable, and the measurement was conducted over a relatively short duration of approximately 1 h, the contact resistance can be considered constant.
Data analysis
After the experiments, the acquired digital data were transferred to a PC for analysis, in which the data were converted to practical EEG potential values before removing high frequency artifacts by low-pass filtering at a cut-off frequency of 30 Hz. Then, the effect of the polarization potential was removed by performing a linear regression on each set of EEG data, as the potential could be regarded as changing linearlyz28|. The data for each auditory stimulus were then extracted into partial EEG data sets of −0.1 to 1.0 s duration, with the beginning time of each stimulus set at 0 s. ERPs were calculated by averaging 20 extracted partial data for each stimulus z29|, with data artifacts from blinking, body motion or similar causes excluded from the averaging. Against the baseline calculated as the mean value from −0.1 to 0 s, P300 without the external resistance was defined as the largest positive potential from 250 to 500 ms, while its amplitude was calculated as the positive peak value from the baseline. Finally this value was used as Vout, and the potential without the external resistance at that time was used as Vʼout.These positive peak potentials were determined in a similar manner for both the target stimulus and the standard stimulus, and AR in equation 3 was calculated. Figure 4 shows one example of a preliminary EEG recorded at Pz. The attenuation of amplitude caused by activation of the voltage divider was recognizable from the waveform. Similar result was obtained at Cz. This pattern was observed in all subjects. Figure 5 shows examples of the ERPs in response to the target and standard stimuli. Positive peaks recognizable Yusuke Table 1 Fig. 5 Examples of ERPs recorded at Pz for target stimulus ( a ) and for standard stimulus ( b ). as P300 occurred between 250 to 500 ms after the start of the target stimulus. On the other hand, P300 was not found in the data for the standard stimulus. These patterns were observed at both Pz and Cz in six subjects : Subjects 1 to 6 ( Table 1 ). In the other six subjects, no P300 was identified for both the target and the standard stimuli. The amplitude of ERP in response to a stimulus was attenuated when the external resistance was connected (Fig. 5) . Figure 6 shows the average AR of the positive peaks following stimulation in six subjects : Subjects 1 to 6 ( Table 1) . Attenuation was observed when the external resistance was connected for both the target and standard stimuli. However, AR was significantly (p ＜ 0.05)smaller for the target stimulus than for the standard stimulus. The AR for the standard stimulus of Stimulus A recorded at Pz in Subject 4 and those for the standard stimulus of Stimuli A and B in Subject 5 were all considerably smaller than the other values. These results were considered to be outliers caused by internal factors of the prototype device and were excluded from the comparison.
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Discussion
As shown in Figure 5a , positive peaks appear between 250 and 500 ms following the start of a target stimulus, and these can be identified as the P300 of the ERPs. In Figure  5b , on the other hand, no positive peak is detected, suggesting that the standard stimulus does not elicit P300. These results are consistent with previous ERP studies, and confirm that our prototype device can measure the P300 of ERPs.
From Figure 5 , it can be seen that the peak value of P300 is attenuated when the external resistance is connected. Figure 6 shows that the AR of P300 is smaller for the target stimulus than for the standard stimulus, at both Cz and Pz electrodes. As described in Section 2, the AR is dependent on the location of the signal source, i.e., the AR is smaller when the signal source is farther from the signal electrode than when it is nearer the signal electrode. Therefore, these results suggest that the signal source of P300 is farther from either signal electrode than the other components of the ERP.
This does not necessarily mean that the signal source of P300 is located in the deeper region of the brain. However, as can be seen from Figure 6 , the AR of P300 is almost identical (approximately 0.5) at Pz and Cz, which infers that the P300 source is virtually located at the same position from both electrodes, assuming that the conductivity within the brain is uniform. This suggests that the P300 source exists in a deeper region than the other ERP signal sources. Although the P300 generation site has not been identified, previous studies have indicated that it may be deep within the brain, such as in the hippocampus z17, 22|, the mesial temporal lobe and the interior frontal lobez23|, the interior parietal lobez24|, and the cingulate gyrus and limbic systemsz25|. Our experimental results confirm these findings and suggest that the source of the P300 signal is deeper within the brain.
As shown in the results, the signal source potential is attenuated by activating the voltage divider that compares the internal resistance in the human brain, the contact resistance of the electrode, the internal resistance of the electrical switch, and the external resistance. For signal source estimation, reducing the influence of the contact resistance of the electrode and the internal resistance of the electrical switch as much as possible would be preferable.
The signal source potential assumed in our proposed method ; Vb, differs from the true signal source potential in the brain, according to definition of Theveninʼs theorem. The potentials measured at different signal electrodes vary, because the electrical circuits between the true signal source and signal electrodes are also different. This can be considered to be similar to traditional biosignal measurement methods such as electrocardiography, in which the measured potential depends largely on the signal electrode. However, it is clear that the measured signal source potential reflects the true signal source potential, and the AR would provide location information of whether the signal source is far from or near the signal electrode.
Conclusions
In this study, we proposed a new signal source estimation method based on switching voltage divider technology, and we developed a prototype measuring device based on this method and applied it to measure the P300 component of ERPs. With our device, a single electrode is expected to provide simultaneously information on both the location and the potential of the signal source.
Our results show that our proposed method can measure the same EEG and ERP signals as other popular EEG methods, and our data suggest that the source of the P300 signal may be located deep within the brain.
Our final goal is to visualize human brain function by estimating the 3-D distribution of signal sources within the human brain, and the method described in this paper will contribute toward this realization. 
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